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Executive Summary

This project proposes the use of a new modular multilevel matrix converter for wind power applications.
This modular approach allows the module size to be optimized with power semiconductor devices that
have the best combinations of high performance and low cost. Multilevel switching reduces system
switching loss and improves converter efficiency in the low wind speed conditions where typical variable-
speed wind turbines commonly operate. In addition, the multilevel modular approach is well suited for
scaling up to future wind farm applications that require the converter to interface with medium (4160 V)
voltage AC.

The goal of this project was to develop the fundamental theory and practice of the multilevel matrix
converter approach and to demonstrate a working scale model in the laboratory. This report documents
the results and include several key contributions briefly described below.

Although the operation of a three-phase converter containing many modules initially appears to be quite
complex, we show the converter operation can be understood through adaptation of the well-known space
vector approach. In addition, we show how this approach is well suited to low-cost implementation using
modern digital hardware, including field-programmable gate arrays (FPGA’s), and flash memory lookup
tables. Because the modular approach also employs simple, well understood power-stage circuits such as
H-bridge circuits, the key issue is control rather than operation of the power stage. The theory and
practice of this control are the key contributions of Part I of this report.

The controller performs two basic functions. First, it commands the switch modules to synthesise the AC
input and output waveforms. Second, it balances the stresses between the modules; in the case of
multilevel converters, this requires regulation of multiple switch module capacitor voltages. For paralleled
converter modules, balancing of module currents may also be required. Part I of this report shows how the
space vector control approach can be applied to solve both of these issues. It also documents the hardware
implementation and laboratory verification of this proposed approach. Specifically, it describes the
algorithms for both two-level and three-level synthesis of the AC waveforms. It proposes that the
converter low-wind efficiency be improved by switching to three-level operation when the generator
voltage output is low. Also, a capacitor voltage-balancing algorithm is developed and experimentally
demonstrated that balances the internal capacitor voltages of all nine switch modules in the proposed
modular converter system. This algorithm is based on an extension of the space vector modulation
approach, and its stability is proven by Lyapunov theory. A laboratory prototype design is extensively
documented; this prototype vindicates both the practicality of the control approach with up-to-date digital
hardware and the correctness of the underlying theory.

Part II of this report demonstrates how to obtain torque control of the generator and power factor control
of the utility-side output of the converter. It describes small-signal and large-signal averaged models of
the proposed converter. These models are transformed to the d-g domain, and hence they are well suited
for both converter space-vector control and generator field-oriented control. Part II also investigates
multivariable control systems based on both the pole placement approach and the optimal control
approach and finds that the optimal control approach is superior for this application. A gain scheduling
algorithm leads to good performance over a wide range of operating points. This controller is added to the
laboratory prototype of Part I, and is shown to provide both control of the converter terminal current
magnitudes and power factors as well as the average capacitor voltage.

Listings of FPGA, flash memory, and microcontroller code, as well as several tables of the underlying
modular matrix converter theory, are included in the appendices.
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1 Introduction

This research demonstrates a multilevel matrix converter suited to variable-speed wind turbine
applications. Such a demonstration requires development of real-time control schemes for the new matrix
converter. The control schemes for the converter must achieve two major tasks simultaneously: (1)
synthesizing terminal AC voltage waveforms, and (2) maintaining fixed voltages across all midpoint
capacitors.

An advantage of the proposed multilevel matrix converter is its ability to exhibit high efficiency over a
wide range of operating points while converting variable-magnitude, variable-frequency voltages
generated from a wind generator into fixed-magnitude, fixed-frequency voltages supplied to a utility grid.
Attaining high converter efficiency over a wide range of operating points, especially at low operating
power (low wind speed), is necessary to improve the energy capture of the variable-speed wind turbine
system because this is where the system operates most of the time.

In this chapter, we review the wind turbine system configurations and three-phase converter topologies
that are generally employed in wind turbine systems. We also review the performances of the power
semiconductor converters that enhance the energy capture of the variable-speed wind turbine system.
Next, we explain the approach used to increase the energy capture in the multilevel matrix converter.
Finally, we summarize the characteristics of the multilevel matrix converter.

1.1 Overview of Wind Turbine Systems

In a wind turbine system, the kinetic energy in the wind is converted into rotational energy in a rotor of
the wind turbine. The rotational energy is then transferred to a generator, either directly or through a
gearbox for stepping up the rotor speed. The mechanical energy is then converted to (often variable-
frequency, variable-voltage) electrical energy by the generator. From the generator, the electrical energy
is transmitted to a utility grid either directly or through an electrical energy conversion stage that produces
constant-frequency, constant-amplitude voltage suitable for interface to the utility.

A
Region I Region II Region III

Generator output power

>
Cut-in speed Rated speed Cut-out speed  Wind speed

Figure 1.1: Ideal characteristic of a wind turbine generator



1.1.1 Ideal Characteristic of Wind Turbine Conversion

The ideal power characteristic for a wind turbine system is illustrated in Fig. 1.1. Operation of the wind
turbine system is traditionally divided into three regions, as follows:

Region I where the wind speed is below the cut-in speed. The power in the wind is insufficient to
overcome the power losses within the turbine system.

Region II where the wind speed is between the cut-in speed and the rated wind speed. Generally, the
rated wind speed is the wind speed at which the maximum output power of the generator is
reached. In region II, the power transmitted to the wind turbine rises rapidly with the wind speed
and can be expressed as follows:

1
P=C,x §pATV£ (L.1)
where C, = power performance coefficient,
p = air density (kg/m?),
A, = areaswept by the rotor of the wind turbine (m?),

Ve wind speed (m/s).

Region III where the wind speed is between the rated wind speed and the cut-out speed. The cut-out
speed is the maximum wind speed at which the turbine is allowed to deliver energy. Usually, the
cut-out speed is limited by engineering design and safety constraints. In this region, the rotational
speed of the wind turbine hub is kept approximately constant at the rated wind speed.

The relation of wind speed and turbine output power in Eq. (1.1) is not exactly a cubic relationship
because of the power performance coefficient [1]. The power performance coefficient, C,, is a nonlinear
function depending on the ratio of rotor tip speed to wind speed. In general, the energy capture of the
wind turbine system can be optimized by operating the wind turbine system at the maximum value of the
power performance coefficient.

1.1.2 Wind Turbine Configurations

For a constant-speed wind turbine system, the configuration using a squirrel-cage induction generator that
is directly coupled to the grid, as shown in Fig. 1.2, is usually employed. This configuration is popular
because induction generators are rugged, inexpensive, and easy to connect to a utility grid. A gearbox is
required for stepping up the rotational speed of the rotor to a range that the induction generator can use to
produce an AC voltage at utility frequency (1500 rpm for a 50 Hz system and 1800 rpm for a 60 Hz
system). The rotor speed variations in this configuration are small, approximately 1 to 2%.

The main disadvantage of the constant-speed configuration is the poor energy capture of the wind turbine
system. Because the energy capture of the wind turbine system is a nonlinear function depending on rotor
tip speed and wind speed as described in Eq. (1.1), at wind speeds above or below the rated wind speed
the energy capture of the system does not reach the maximum value.

Another drawback of the wind turbine system with the directly grid-coupled configuration is the power
quality of the system. This configuration is sensitive to fluctuations in the wind speed resulting from the
steep torque speed characteristic of the induction generator. Any transient in the wind speed is transmitted
through the drive train to the grid. This generally causes voltage flicker in the utility grid. In addition, the
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Figure 1.2: Constant-speed wind turbine configuration with a squirrel-cage induction generator
that is directly coupled to the grid

induction generator always consumes reactive power from the utility grid. To compensate for the reactive
power consumption of the induction generator, a capacitor bank is normally inserted in parallel with the
generator to obtain close to unity power factor. Furthermore, a soft starter is also required to reduce
mechanical stress and to reduce the interaction between the utility grid and the wind turbine during
connections and startups of the turbine.

Configurations using variable-speed drives are normally employed to improve the energy capture of the
wind turbine system. In a variable-speed wind turbine system, the rotational speed of the turbine rotor is
continuously adjusted such that the tip speed ratio remains constant at the level of the maximum power
performance coefficient. As a result, the overall efficiency of the wind turbine system is significantly
increased. Configurations for variable-speed wind turbine systems are illustrated in Fig. 1.3. A power
semiconductor converter is required to convert variable-frequency, variable-magnitude voltages generated
from a generator into fixed-frequency, fixed-magnitude voltages supplied to a utility grid. Power factors
at both generator and utility sides can be controlled through the operation of the power semiconductor
converter.

In the system with a full-power converter (Fig. 1.3[a]), all output energy of the generator passes through a
power semiconductor converter, which allows the wind turbine system to operate over a broad range of
variable wind speeds. This configuration is generally employed with a permanent-magnet or a singly-fed
induction generators, With new FERC ride-through requirements, this approach is increasingly attractive.

For the configuration using a doubly-fed induction generator with a reduced VA rating power
semiconductor converter (Fig. 1.3[b]), the converter is connected to the rotor of the generator and directly
controls currents in the rotor windings. Consequently, the mechanical and the electrical rotor frequencies
are decoupled; the electrical stator and the rotor are matched independently of the mechanical rotor speed.
Only a fraction of the rated generator power passes through the converter. This enables control of the
whole generator by using a switching converter with rated power at only 20%-40% of the rated generator
power. The generator can be operated at both sub- and super-synchronous speeds. The operational speed
range of the generator depends only on the converter rating.



. Variable-magnitude
High-speed variable-frequency

low-torque three-phase ac
AC power
— utility grid
_| [ three-phase

shaft
480 V
60 Hz

Generator

Three-phase
Converter

i Gearbox
Low-speed
high-torque
shaft

Variable-magnitude
variable-frequency
three-phase ac

Three-phase
Converter AC power
utility grid
[ ¢ three-phase
[ 480V
60 Hz
Doubly-Fed
Induction
Generator
(b)

Figure 1.3: Variable-speed wind turbine configurations: (a) with full-scale converter,
(b) with reduced VA converter

1.2 Overview of Three-Phase AC-AC Converters

A variable-speed wind turbine system for generating electricity requires a power semiconductor converter
to convert variable-magnitude, variable-frequency voltages from the generator into fixed-magnitude,
fixed-frequency voltages supplied to a utility grid. Several approaches to apply power semiconductor
converters to wind turbine systems have been proposed [2]. Typical three-phase to three-phase voltage
source converters can be categorized by their conversion characteristics into two families (Fig. 1.4):

1. AC-to-AC converter without a DC link
In this type of converter, input AC voltages are converted directly into output voltages by
proper operation of four-quadrant switches connected between the input and the output
phases. In other words, the output voltages are chopped from the input voltages.

2. AC-to-AC converter with DC links
In these converters, input AC voltages are converted into intermediate DC voltages, which
are stored in storage links such as capacitors. Then, the intermediate DC voltages are
converted into output AC voltages.
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Figure 1.4: Classification of three-phase to three-phase voltage source converter topologies

1.2.1 Matrix Converter

The matrix converter has nine of the four-quadrant switches connected in a matrix configuration, so that
any input phase can be connected to any output phase. Figure 1.5 illustrates the configuration of a
conventional matrix converter. Each four-quadrant switch employed in the matrix converter is typically
implemented from two two-quadrant switches (Fig. 1.6). Ideally, the matrix converter, which consists of
only silicon switching devices in the power stage, can be considered a “generalized solid-state
transformer” [3]. In practice, for the best performance, the converter should generate smooth waveforms;
therefore, filter elements are necessary. Capacitors are employed at the input side of the converter, and
inductors are employed at the output side.

The basic operation concept of the matrix converter is that the desired input currents (either to or from a
three-phase source) and the desired output voltages with arbitrary frequency can be obtained by properly
connecting the output phases to the input phases.



N

d—) (J—D é—)Three-phase
x x &/ ac system 1

<“Vy >
—
— —1—
DENIS PRV Three—tphasze
ac system
. . 4 O
NP LN P N ( ) n
N\ ST O
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Figure 1.6: Conventional four-quadrant switch used in the matrix converter

With inductors as filter elements at the output side and capacitors at the input side, two constraints are
imposed in the operation of the matrix converter. First, because the inductor currents cannot be
interrupted, at least one of the three switches connected to each inductor (output phase) must conduct the
inductor current at any given time. Second, switches must not short circuit any capacitor voltage (input
phase). These two constraints imply that exactly three switches conduct currents at any instance and limit
combinations of the four-quadrant switches into 27 cases [4]. To prevent violations of these constraints,
especially during switching transitions, multi-stepped switching procedures for safe commutation are
usually employed [5, 6]; sometimes soft-switching techniques are also considered [7, 8].

Modulation algorithms for the matrix converter can be categorized into scalar modulation [9, 10, 11, 12]
and space-vector modulation [4, 5]. Both modulation algorithms can generate an arbitrary output
frequency and an arbitrary input displacement power factor. Extended modulation algorithms, such as
adaptive space-vector modulation (SVM) and selected harmonic-elimination pulse-width modulation [13,
14] were also proposed to improve specific features of the matrix converter.

The scalar modulation involves direct matrix computation of the input voltages (currents) and the output
voltages (currents). The unfiltered output line-line voltages are synthesized by sequential, piecewise
sampling of the input line-line voltages. As a result, the output voltages are bounded by the input
voltages. With the scalar modulation algorithm, the matrix converter can generate output voltages with
the maximum gain ratio of 0.5 when the output voltages consist of only fundamental frequency. The gain
can be increased to 0.75 by injecting the third harmonic of the input frequency into the desired output-



phase voltages. The gain can be further increased to 0.866 by an additional injection of the third harmonic
of the output frequency [12]. However, improving the gain ratio involves a significant amount of
additional calculations.

The SVM technique was adapted for the matrix converter by employing a basic concept of indirect
modulation using a fictitious DC bus, then dividing the converter into a rectification stage and an
inversion stage [4]. The side having capacitors as filter elements performs rectification, and the side
having inductors as filter elements performs inversion. The input currents and the output voltages are
controlled by separate SVMs. The SVM technique also allows the maximum gain ratio of 0.866. An
output voltage waveform of the matrix converter using the SVM technique is shown in Fig. 1.7.
Furthermore, this modulation technique allows simplifying a converter model, making it easier to control
the converter under imbalanced and distorted power supply conditions. More details of the SVM will be
discussed in Chapter 2.

Matrix converters do not require intermediate energy storage and have lower switching losses. Although
the matrix converter has six additional switching devices, compared to the back-to-back, two-level, DC-
link converter, the absence of the DC-link capacitor may increase the efficiency of the converter. Also,
the power semiconductor devices in the matrix converter are switched at average voltages lower than
those in the two-level, DC-link converter.

The major disadvantage of the matrix converter is the limitation of the voltage gain ratio, which leads to
poor semiconductor device utilization. Another drawback is the large number of semiconductor devices
required to make the matrix converter functional. Although devices with smaller current rating can be
employed, they still lead to a large number of gate driver circuits. In addition, with the absence of the DC-
link, there is no decoupling between the input and output sides. Any distortion in the input voltage is
reflected in the output voltage at different frequencies; as a consequence, subharmonics can be generated.

Many soft-switching techniques have been proposed to improve the efficiency of the matrix converter. A
low-loss four-quadrant switch was proposed with the ability to be turned on with zero current switching
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Figure 1.7: Output voltage waveform generated from matrix converter using the SVM technique



and turned off with zero voltage switching [15]. The proposed four-quadrant switch has a disadvantage of
high current stress through the resonant inductors because the inductors are placed on the power transfer
paths. A soft-switching technique based on a fictitious DC-link technique, using an active commutation
auxiliary circuit, was also proposed [7, 8]. With this technique, soft commutations at all switches, zero-
voltage transition for main switches, and zero-current transition for auxiliary switches can be achieved
independently of load.

Several approaches for applying the matrix converter to a variable-speed wind turbine system have been
proposed [16, 17, 18]. The proposed approaches aim to maximize the energy capture of wind turbine
systems by controlling terminal voltages and frequencies of the generators so that the power performance
coefficients, C,, of the systems can be obtained at the optimal point.

1.2.2 Multilevel DC-Link Converter

Multilevel conversion has attracted significant attention as a way to construct a relatively high-power
converter using relatively low-power semiconductor devices [19, 20, 21, 22, 23, 24, 25]. The general
concept involves producing AC voltage waveforms from several small DC voltages. The smaller voltage
steps yield lower harmonic distortion at AC voltage waveform, lower switching loss, lower voltage
change rate (dv/dt), as well as smaller filter element requirements.

The lower voltage change rate can extend the lifetime of the AC machine connected to the converter. The
converter’s high-voltage change rates induce circulating currents, dielectric stresses, voltage surge, and
corona discharge between the winding layers, which cause “motor bearing breakdown” and “motor
winding insulator breakdown” problems in the AC machines [26, 27]. These problems become more
significant as the switching speeds of power semiconductor devices are increased.

Figure 1.8 compares waveforms of conventional pulse-width modulation (PWM) of two-level switching
voltage and three-level switching voltage. In the two-level switching-voltage waveform, the line-neutral
voltage is switched between two voltage levels: positive DC bus voltage and negative DC bus voltage.
While in the three-level switching-voltage waveform, the line-neutral voltage is switched among voltage
levels of positive voltage of DC bus, negative voltage of bus voltage, and mid-point voltage of DC bus.

The major disadvantages of the multilevel conversion are its complexity of control and its complexity of
bus-bar interconnection. A larger number of semiconductor devices are required. This does not lead to an
increase in semiconductor costs because lower-rated devices can be used; however, it does require
significantly more gate-driver circuits and leads to a more complex layout. Furthermore, the presence of
DC-link capacitors is considered a drawback because they are heavy and bulky. As the number of voltage
levels increases, the bus-bar structures of the multilevel DC-link converter become more complex and
difficult to fabricate.

The capacitor voltage-balancing problem in the multilevel converter is also an eminent disadvantage.
During converter operation, capacitor voltages in the converter deviate because the currents flowing
through the capacitors are different. Several topologies and control algorithms of the multilevel converter
have been proposed to overcome this problem. The problem of capacitor voltage balancing also becomes
more difficult to overcome as the number of voltage levels increases.
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and (b) three-level switching

SVM is extensively employed to synthesize AC waveforms in the multilevel DC-link converter [28, 29,
30, 31, 32, 33]. The modulation can be efficiently associated with a capacitor voltage-balancing scheme.
It is easy to extend the modulation to operate at higher voltage levels.

The following converter topologies are examples of commonly used multilevel converters.

1.2.2.1 Diode-Clamped Multilevel Converter

Figure 1.9 shows a schematic of a back-to-back three-level diode-clamped converter. Identical legs of
power semiconductor devices are employed for each input and output phase. The DC bus voltage in the
converter is divided by two equal capacitors. The midpoint junction of two capacitors is referred as the
neutral point.

In the neutral-point diode-clamped PWM converter, power semiconductor devices are clamped to
capacitor voltages via diodes [24, 34, 35]. Hence, device voltage stresses can be reduced to one-half the
magnitude of the DC bus voltage. However, the inner power semiconductor devices of each phase are not
directly clamped to the DC capacitors. These devices may encounter more blocking voltages.

The capacitor voltage unbalancing problem in the neutral-point clamped three-level converter can be
solved using additional control algorithms without any additional hardware [36, 37, 38, 39, 40]. The
capacitor voltage unbalancing problem becomes more difficult to overcome as the switching level
increases.
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Figure 1.9: Back-to-back three-level diode-clamped converter
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1.2.2.2 Multilevel Converter with Bi-Directional Switch Interconnection

A schematic of switching a device for one phase of a three-level converter with bi-directional switch
interconnection is illustrated in Fig. 1.10. The bi-directional switch provides a means to clamp the output
voltage to the midpoint level [41]. The voltage rating of power semiconductor devices in the bi-
directional switch is half of the DC bus voltage, while the voltage rating of the main switching devices is
the full DC bus voltage.

Figure 1.10: Switching device configuration for one phase
of a three-level converter with bi-directional switch interconnection

The converter operates with conventional two-level PWM algorithms, while using the midpoint voltage
level only during switching transitions. This can be considered “quasi three-level” operation. The main
switching devices hard-switch at half of DC bus voltage; therefore, switching loss is reduced compared to
the conventional two-level switching converter.

1.2.2.3 Flying-Capacitor Multilevel Converter

Figure 1.11 shows the switching-device configuration for one phase of a three-level flying-capacitor
converter. The difference in component count between the diode-clamped multilevel converter and the
flying-capacitor multilevel converter is that two diodes per phase are replaced by one capacitor [42, 43].
Voltages across open-circuited switches are constrained by clamping capacitors instead of clamping
diodes. The flying-capacitor configuration also alleviates the voltage clamping problem of the inner
devices in the diode-clamped converter. A high-frequency small capacitor clamps two inner devices of
one phase at V,, /2. Devices between the upper part and the lower part conduct current complementarily.
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Figure 1.11: Switching device configuration for one phase
of a three-level flying capacitor converter
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The benefit of the capacitor-clamped converter is that the voltage-balancing problem is relatively easy to
solve, compared to the diode-clamped converter.

1.2.2.4 Multilevel Converter with Cascaded H-Bridge Cells

The structure of one phase of a seven-level converter with cascaded H-bridge cells is illustrated in
Fig. 1.12. The remaining phases have the same switch configuration. The configuration was proposed to
eliminate the neutral-point balancing problem in the multilevel converter, with a simplifying bus-bar
structure [44, 45]. The DC voltage sources are supplied from isolated DC sources, such as isolated three-
phase rectifier circuits. Each H-bridge switch can generate three different voltage levels: +V,., 0, and
-V ,.. H-bridge switches are connected in series such that the synthesized AC voltage waveform is the
summation of all voltages from cascaded H-bridge cells. The number of phase-voltage levels can be
defined as m =2s+1, where m is the number of H-bridge switches in each leg. One disadvantage of this

configuration is that the converter requires multiple isolated DC sources, which makes it an expensive
solution.
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Figure 1.12: One-phase structure of a multilevel converter with H-bridge inverter leg

A modified configuration of this topology to achieve more voltage levels was also proposed [22]. By
employing non-identical DC voltage sources in a binary arrangement, the number of switching voltage
levels can be increased without increasing the number of the H-bridge switch cells.

1.3 Efficiencies of Power Semiconductor Converters

The requirement for high efficiency at low power and low voltage is unique to the variable-speed wind
turbine system. A typical way to design a converter is to optimize the performance at the rated operating
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point. This minimizes the cost of the converter by minimizing the component stresses and losses.
However, the efficiency of the converter is decreased rapidly at reduced power, reduced voltage. This
behavior can significantly degrade the energy capture of variable-speed wind turbine systems when they
operate at low wind speed (Region II in Fig. 1.1). Achieving high converter efficiency under low wind
speed is crucial for improving energy capture in variable-speed wind turbine systems because typical
wind energy systems operate primarily at low wind speeds.

Figure 1.13 summarizes efficiencies of DC-link converters with two- and three-level switching from
experimental results [46]. Both results were obtained from the converters converting variable-magnitude
input voltages from a synchronous generator into fixed-magnitude output voltages at a utility grid side,
simulating a variable-speed wind turbine system. The DC-link voltages of the converters are fixed at a
magnitude slightly greater than the utility voltage magnitude. Both converters employ the same power
semiconductor devices and use identical models of the switching and conduction losses.
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The results show that the converter efficiencies are dominated by the efficiencies of the rectifier parts of
the converters. In addition, at lower operating power or lower operating voltage, the efficiencies of the
rectifier parts decrease more rapidly than those of the inverter parts. Because the voltage produced by the
generator is proportional to the wind speed, the reduced voltage produced by the generator under low-
wind-speed conditions causes the rectifier parts to “work harder” in stepping up the voltage magnitude.
This requires a greater proportion of indirect power. In the rectifier portion of the DC-link system, the
indirect power consists of energy that is first stored in the inductors and later released to the DC link. In
contrast, the direct power consists of power that flows directly from the input side to the output side,
without going through the intermediate step of being stored. Hence, the indirect power conversion incurs
additional losses. This problem of low efficiency at low operating voltage can also be observed in the
boost converter.
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Figure 1.13: Efficiencies of three-phase DC-link converters:
(a) two-level switching, (b) three-level switching
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It can also be seen from the results that, as the number of switching levels increases, the converter
efficiency at full load improves. The efficiency at light load also improves, and the knee of the efficiency
curve shifts to the left. The range of high efficiency is extended into lower operating points. Effectively,
the range of power levels over which the high full-load efficiency is maintained is extended by a factor of
approximately two (for example, the value of P/P, . at the knee is reduced by 50%). The reason for this

is that the rectifier part converts the voltage generated from the generator into lower magnitude as the
number of switching levels increases. As a result, the switching losses in the converter are reduced. The
switching loss for a switching device is defined as follows:

PSW - fs(A‘/;ls)Qloss (12)

X

where f, is the switching frequency of the converter, AV, is the voltage change during each switching,

N

and Q, 1s charge associated in each switching. As the switching loss is proportional to the voltage

change AV, , the efficiency of the rectifier increases as the number of switching levels increases.

For a converter using insulated gate bipolar transistors (IGBTs) and diodes as switching devices, the
switching losses in the converter are dominated by the IGBT current tailing and the diode reverse
recovering [46]. Therefore, with reduced switching voltage, three-level switching converters exhibit lower
switching losses than those of two-level switching converters. However, the two-level switching
converters were reported to exhibit better overall efficiency when the overall losses (conduction loss,
switching loss, and loss in filter elements) were considered. Because the switching loss in the three-level
switching converter is much lower than that in the two-level switching converter, the switching frequency
of the three-level switching converter can be increased to reduce the loss in filter elements. To optimize
the converter efficiency in the wind turbine system, the DC-link converter with the three-level switching
structure at the grid side and the two-level switching structure at the generator side is recommended [48].

Another approach to improve the converter efficiency is to employ a reconfigurable structure concept.
The reconfigurable converter concept for variable operating points applied in a boost double rectifier has
shown significant improvement in efficiency at low voltage (low power) [49]. When the boost double
rectifier operates in the double mode, the rated power is doubled; however, the switching losses are not
double. Hence, the rectifier exhibits higher efficiency. The reconfigurable structure concept requires finer
control of the semiconductor devices so that the power conversion mechanism can be effectively
reconfigured and better optimized at a wide range of operating points.

1.4 The New Multilevel Matrix Converter

The multilevel matrix converter was proposed to solve the problem of low converter efficiency at low
voltage, low power [49, 50]. A schematic of the converter with basic configuration is illustrated in
Fig. 1.14(a). The converter is a hybrid of multilevel and matrix technologies. The conversion approach of
the converter is based on H-bridge switch cells, resembling the structure in Fig. 1.12. The use of a matrix
configuration eliminates the need for DC voltage sources to supply average power. Therefore, the DC
voltage sources can be replaced by simple DC capacitors, as shown in Fig. 1.14(b).

The multilevel matrix converter synthesizes the input and the output voltages by PWM of the DC
capacitor voltages of the H-bridge switch cells. This operation differs from that of the conventional matrix
converter in which the voltages are synthesized on one side and currents on the other. Therefore,
inductors can be used as filter elements at both sides of the converter. Because of the symmetry of the
multilevel matrix converter structure, both step-up and step-down of the voltage magnitude are possible.
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Figure 1.14: Basic configuration of a multilevel matrix converter:
(a) converter topology, (b) schematic of an H-bridge switch cell
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Table 1.1: Comparison of a Conventional Matrix Converter
and a Multilevel Matrix Converter

Conventional Matrix Multilevel Matrix
Factor
Converter Converter
Voltage conversion ratio Buck only: Buck-Boost:
(V[)Lt[ /Vln) V[)L{[ S 0'866V[ﬂ 0 S Vout S V[ﬂ
Coordination of Simple transistor plus

Switch commutation four-quadrant switches freewheeling diode

Bus-bar structure Complex Modular and simple
Multilevel operation No Possible

AC capacitors and

. Inductors
inductors

Filter elements

The multilevel matrix converter is fundamentally different from the conventional matrix converter, as
well as the multilevel DC-link converter, in several respects. Table 1.1 summarizes these differences.
First, the conventional matrix converter can only step-down voltage, with the maximum voltage
magnitude at the low-voltage side of 0.866 times the voltage magnitude at the high-voltage side.
Therefore, in a wind turbine system, the voltage magnitude produced by the generator must be less than
0.866 times the voltage magnitude of the utility grid. In contrast, the multilevel matrix converter can both
step-up and step-down the voltage magnitudes, with arbitrary power factors.

Switch commutations for the conventional matrix converter must be carefully coordinated with
independent control of anti-parallel transistors. These control schemes introduce an additional level of
complexity. In the multilevel matrix converter, a simple method for coordinating switch transitions,
“break before make” operation, can be employed. This method requires that all transistors that are to be
switched off must first be turned off; after a short delay, the transistors that are to be switched on are then
turned on. During the dead-time of switch transitions, inductor currents are not interrupted because the
anti-parallel diodes can conduct currents and provide flow paths for the inductor currents. Energy stored
in the inductors is then transferred to the switch-cell capacitors. A soft-switching scheme or a safe-
commutation scheme can also be applied in the multilevel matrix converter.

Bus-bar structures of the conventional matrix converter are quite complex, as are those of the multilevel
DC-link converter. To avoid excess voltage transients during switch transitions, it is necessary to
minimize the parasitic wiring in all circuit loops that carry high-frequency currents. A practical approach
for the bus-bar structures that resemble multi-layer printed circuit boards is to overlap the conducted
current and the return current so that the magnetic fields of the currents are nearly canceled, and the
parasitic inductance is thereby minimized. The modular approach of the H-bridge switch cell in the
multilevel matrix converter simplifies the complexity of the bus-bar structures. The bus bars in the H-
bridge switch cells can be locally overlapped within the switch cells. This modular approach also allows
the switch cells to be constructed using printed circuit boards. Such construction leads to further benefits
of automated fabrication of the circuitry.
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The modularity of the converter approach also provides a way to directly scale the design to higher
voltage and power levels. The power-stage voltage and power level can be increased by series-connecting
identical switch modules in each branch of the matrix connection. The power-stage elements are
otherwise unchanged. All that is needed is modification of the controller to properly switch the additional
modules.

Finally, the conventional matrix converter requires the use of AC capacitors at the high-voltage side and
inductors at the low-voltage side. This configuration implies that exactly three switch branches conduct at
any instant. In contrast, the multilevel matrix converter employs inductive elements on both sides and
then requires five conducting branches at any instant.

1.5 Research Motivations and Contributions

Software developed for simulating the operation of the multilevel matrix converter has demonstrated that
the converter can regulate all nine capacitor voltages while synthesizing terminal voltages [49]. The
algorithm employed in the software is based on a lookup table that contains pre-calculated currents
flowing through switch-cell capacitors for all possible switching-device combinations of the multilevel
matrix converter. During the simulation, the software searches through the lookup table for switching-
device combinations that have proper currents flowing through the desired capacitors. However, this
approach is not practical for a real-time control because it requires significant time to choose one proper
combination from a decidedly huge lookup table.

To enable use of the new multilevel matrix converter in variable-speed wind turbine applications, an
objective of this research is to develop real-time control schemes for the multilevel matrix converter. The
control scheme for the multilevel matrix converter consists of two tasks that must be performed
simultaneously:

(1) Synthesizing terminal AC voltages

(2) Regulating switch-cell capacitor voltages.

To synthesize the terminal voltages of the multilevel matrix converter, the space-vector control technique
is applied because of its simplicity when implemented with another control scheme. The space-vector
control requires that the three-phase variables must be converted in the dg variables. The multilevel
matrix converter with the basic configuration is able to generate, for each side, 19 combinations of three-
phase line-line voltages in terms of the capacitor voltage, corresponding to 19 space vectors: a null-state

space vector, six space vectors with magnitude 2V, / 3 , 8ix space vectors with magnitude 2V,,,, and

six space vectors with magnitude 4V, / V3.A dg diagram of the 19 space vectors obtained from a

ap
multilevel matrix converter is shown in Fig. 1.15. There are similar dg diagrams for voltage modulation
of each side of the converter. The dg diagram can be divided into three regions according to the

converter operations.
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Figure 1.15: Operating regions of the multilevel matrix converter in dg diagram

To generate terminal voltages with two-level switching, the space-vector control involves the null-state
space vector and the six space vectors with magnitude 2V, / /3. The reference space vector must lie

within the circular area inside the hexagon formed by the six space vectors with magnitude 2V, / NE)

(Region 1 in Fig. 1.15). In this region, the converter generates terminal line-line voltages with the
maximum magnitude equal to the switch-cell capacitor voltage.

The single-capacitor control scheme and the capacitor voltage-balancing scheme have been proposed to
control the converter when operating with the two-level switching. The single-capacitor control scheme is
the first step to reduce the complexity of the converter. With the single-capacitor control scheme, only
one switch-cell capacitor is employed to synthesize terminal AC voltages in each switching period. This
allows the multilevel matrix converter to be modeled as a two-level DC-link converter. Charge balance of
the single capacitor can be achieved in one complete switching period; hence, capacitor voltages in the
converter are theoretically stable.

However, as a result of disturbances in the capacitor voltages caused by stray inductances inside the
circuits, the capacitor voltage-balancing scheme is required to regulate and balance all nine capacitor
voltages. The proposed capacitor voltage-balancing control is based on the modification of the SVM such

19



that two switch-cell capacitors can be charged and discharged in each switching period. The capacitor
voltage-balancing control is orthogonal to the process of terminal voltage synthesizing; therefore, it can
be employed with the single-capacitor control scheme. The stability of the capacitor voltages with the
proposed control scheme can be confirmed by a Lyapunov’s approach.

To generate terminal voltages with three-level switching, the space-vector control uses all 18 space
vectors except the null-state space vector. The reference space vector must lie in the outermost band of
the dg diagram (Region 2 in Fig. 1.15). In this operating region, the converter can generate terminal

voltages with a maximum magnitude of twice the capacitor voltage. With the constraint to avoid excess
voltages across open-circuited switch cells, when terminal voltages with three-level switching are
generated at one side of the converter, the terminal voltages with two-level switching must be generated
at the other side. Experiment validations are used to prove the capability of the converter in the three-level
switching.

When operating in Region 3 of Fig. 1.15, the multilevel matrix converter generates AC voltages with both
two-level switching and three-level switching in one line cycle. The approaches for the converter
operating in Regions 1 and 2 are still valid for applications where capacitor voltages can be kept constant
but terminal voltage magnitudes are varied. However, in the wind turbine system where the terminal
voltage magnitude at one side of the converter is fixed at the utility voltage magnitude, to operate in this
region the capacitor voltages must be varied with the terminal voltages. To solve this problem, two
approaches can be employed.

First, by applying an over-modulation control scheme [13, 51, 52, 53] on the two-level switching when
the multilevel matrix converter operates in Region 3 of Fig. 1.15, capacitor voltages can be kept constant
at the utility voltage magnitude. The over-modulation control scheme allows the converter to generate
terminal voltages with magnitudes 15% higher than the capacitor voltages. However, the control scheme
involves a nonlinear modulation technique. As a result, the converter terminal voltages with this scheme
incur more distortions and harmonics. Moreover, the nonlinear modulation requires more complex
calculations.
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Second, operation of the multilevel matrix converter in the Region 3 of Fig. 1.15 can be avoided by
employing the proposed capacitor voltage as shown in Fig. 1.16(a). The shaded area in the figure
demonstrates valid points of capacitor voltages. However, the capacitor voltages should be kept as low as
possible to minimize switching losses of the semiconductor devices. When the converter operates with
two-level switching at both sides, voltage magnitudes at the generator side are close to the utility voltage
magnitude, and the capacitor voltages are regulated at slightly greater than the magnitude of the utility
voltage. The single-capacitor control scheme and the capacitor voltage-balancing scheme are proposed for
these operating points. When the voltage magnitude generated from the wind generator drops
significantly below the voltage magnitude of the utility, the multilevel matrix converter can operate with
three-level switching at the utility side and two-level switching at the generator side. In this operation, the
capacitor voltage can be reduced below the magnitude of the utility voltage; however, it must be greater
than the average of the input and output line-line voltage magnitudes. It is also possible to divide the
range within which the converter operates with three-level switching into smaller ranges having different
capacitor voltage levels. This will further reduce the switching losses of the converter. Hence, the
prospective efficiency curve of the converter can be as shown in Fig. 1.16(b).
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Figure 1.16: (a) Proposed capacitor voltage of the multilevel matrix converter in the wind
turbine system, (b) prospective converter efficiency
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1.6 Outline of Discussion

This report is divided into two major parts. Part I documents the basic operation, design, and open-loop
control of the converter system. Part Il extends this work to the closed-loop control of generator torque
and utility-side power.

Part 1 is composed of six chapters. Chapter 2 describes details of the multilevel matrix converter
configurations and operations. The operations and derivations of basic converter configuration, in which
one switch cell is used for each branch of the matrix connection, are used to demonstrate the concepts.
Chapter 2 also describes the SVM, which is employed as an approach to synthesize the terminal AC
voltages of the multilevel matrix converter.

Chapter 3 explains the SVM technique for two-level switching. The proposed control schemes—the
eight-capacitor control scheme and the single-capacitor control scheme—for the multilevel matrix
converter operating in the two-level switching mode are described in this chapter. Experimental results to
verify the proposed control scheme are also included. The experimental results also show that well-
regulated capacitor voltages are necessary. A capacitor voltage-balancing control, which is based on the
space-vector control technique, is described in Chapter 4.

The operations and limitations of the multilevel matrix with the three-level switching are described in
Chapter 5. Experimental validations are included to show the capability of the multilevel matrix converter
with the three-level switching. A possible control scheme for the converter operating in three-level
switching mode is also discussed.

Implementations of the first working laboratory prototype are described in Chapter 6. The prototype was
constructed to demonstrate the operation of the converter and to verify the proposed control schemes. The
power stage of the multilevel matrix converter consists of the modular H-bridge switch cells and the filter
inductors. The modular H-bridge switch cells were constructed in printed circuit boards. The power
semiconductor devices used in the H-bridge switch cells were fast-switching Insulated Gate Bipolar
Transistors (IGBTs) with anti-parallel diodes. The digital control circuit was implemented using Xilinx’s
Vertex II Pro, which consists of a PowerPC microprocessor and Field Programmable Gate Arrays
(FPGAs), and flash memory chips as a lookup table. The control schemes for the multilevel matrix
converter were implemented in the PowerPC microprocessor with Assembly language. The pulse-width
modulation (PWM) control unit and the gate signal control circuits were implemented in the FPGAs using
hardware description language (HDL). The use of FPGAs and lookup tables to control highly modular
converters is quite attractive because it allows high-speed complex control schemes to be easily
implemented in HDL code, leading to a low-cost high-performance solution to the control issue.
Chapter 7 summarizes the key results of Part I.

Part II is composed of five chapters. Chapter 8 introduces the closed-loop control issues. In Chapter 9, a
state-space model of the converter is developed, including transformation to stationary d-g coordinates
and linearization about a quiescent operating point. The result is a small-signal equivalent circuit model of
the converter.

Chapter 10 develops a controller design methodology that is suitable for the new multilevel matrix
converter. A multi-input, multi-output controller designed using optimal control, with gain scheduling, is
shown to be well suited to this application. This controller is able to regulate the generator current
magnitudes and phase angles with space-vector control and, hence, is well suited to torque and vector
control of the generator. It can also simultaneously regulate the utility-side power factor and the internal
capacitor voltage magnitudes.
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The performance of the proposed controller is validated experimentally in Chapter 11. It is shown that
this controller can regulate the experimental prototype developed in Part I. Algorithms that implement the
controller within the PowerPC microcontroller are described.

The key results of Part II are summarized in Chapter 12.
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2 Multilevel Matrix Converters

This chapter describes an overview of the configuration and operation of the multilevel matrix converter.
The basic configuration of the converter, in which nine switch cells are employed in the switch network,
is used to demonstrate the concept. An approach to generate valid switching-device combinations from
given terminal voltages is also described. Afterward, the SVM technique, which is employed for
synthesizing terminal voltages, is introduced. The multilevel matrix converter can generate, at each side,
19 combinations of three-phase line-line voltages, which correspond to 19 space vectors in the dg

SiX

/N3, six space vectors with magnitude 2V,

coordinate: six space vectors with magnitude 2V,

space vectors with magnitude 4V, / V3 , and a null-state space vector. The null-state space vector and
the six space vectors with magnitude 2V, /\/g are employed in the two-level switching. The 18 non-

zero space vectors are employed in the three-level switching.

2.1 Configurations of the Multilevel Matrix Converter

A basic configuration of the multilevel matrix converter is illustrated in Fig. 2.1. The multilevel matrix
converter contains nine four-quadrant switches connected between each input phase and each output
phase, resembling a conventional matrix converter. However, the four-quadrant switches are realized as
capacitor-clamped H-bridge switch cells, as illustrated 